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Are n-BuLi/TMEDA-Mediated Arene Ortholithiations Directed?
Substituent-Dependent Rates, Substituent-Independent Mechanisms

Scott T. Chadwick, Roger A. Rennels, Jennifer L. Rutherford, and David B. Collum*

Contribution from the Department of Chemistry and Chemical Biology, Baker Laboratory,

Abstract: Rate studies of the lithiation of benzene and related alkoxy-substituted aromaitid3uby/ TMEDA

mixtures implicate similar mechanisms in which the proton transfers are rate limiting with transition structures
of stoichiometry [6-BuLi)2(TMEDA) »(Ar—H)]* (Ar—H = benzene, gHsOCHs, m-CgH4(OCHs)2, CsHsOCH,-

OCHs, and GHsOCH,CH,N(CHz),). Cooperative substituent effects and an apparent importance of inductive
effects suggest a mechanism in which alkeXhium interactions are minor or nonexistent in the rate-limiting
transition structures. Supported by ab initio calculations, transition structures based upon triple ions of general
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structure [0-Bu),Li] ~//TLi(TMEDA) , are discussed.
Introduction

There are few reactions within organolithium chemistry that
have captivated the attention of organic chemists more so than
ortholithiation (eq 1). Exhaustive reviews by Gschwend in 1979
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and Snieckus in 1990llustrate the enormous collective effort

that substituents simply acidify ortho protdrson gave way
to increasingly sophisticated models involving delivery of the
organolithium via a discrete lithiumsubstituent interaction on
so-called complex-induced proximity effect (CIPB)hile the
details of the lithium-substituent interactions have been the
topic of considerable debate, the premise of a critical metal
substituent interaction is firmly entrenched as part of conven-
tional wisdom. Only Schlosser and co-workers have vigilently
examined and supported the importance of inductive effééts.
The well-documented ortho selectivities appear to answer the
title question at the outset: Ortholithiation is, by definition,

of both academic and industrial chemists to eXpIOit ortholithia- “directed.” However, what is meant by “directed” is not so clear.

tions for the regiocontrolled synthesis of polysubstituted arénes. Chart 1 depicts five arenes along with their relative rate constants
There has been a substantially smaller effort to investigate thefor |ithiation by n-BuLi/TMEDA.2° These examples underscore

mechanistic origins of the ortho selectivityt® Early suggestions
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several key questions:

(1) Are there several mechanisms for ortholithiation? Con-
trasting reactivities of benzend)(and anisole Z) could be
construed as evidence that there are at least two mechanisms.
Solvent-dependent changes in ortho selectivities in disubstituted
aromatics offer ample evidence of several viable mechanisms
for ortholithiations!31421Meyers reported a particularly reveal-
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Chart 1. Relative Rates oh-BuLi/TMEDA-Mediated lithium?-2326 The 14-fold rate increase for the lithiation of
Metalation (0°C) methoxymethoxyl-substituted arede(relative to anisole) is
consistent with competition studies showing the methoxymethox-
yl moiety to be a superior ortho-directing grotfpAlthough
the rate increase could support putative multidentate interactions
with lithium (10), it is also well within reason for a model based
1(10%) 3 (60) largely upon inductive effect®:4 The rates for the lithiation

of 5 bearing a potentially chelating (2-dimethylamino)ethoxy
moiety provide little evidence of a putatRf&’ polydentate

o
©/ ~O ©/ "N, interaction (e.g.11).

4(14) 5(1.3) O,,,L/?\\OMe C.,, joNMe,
|
|
ing example in which the high selectivity for lithiation ortho to Q:HKA‘ @EH'/R
an oxazoline could be redirected ortho to a methoxy moiety by
adding the strongly coordinating hexamethylphosphoramide 10 1
(HMPA).22

(2) Does the ortho selectivity for the lithiation of anisole stem  (5) Can we justify invoking as many as five distinctly
from a discrete Li-OMe interaction §)—the so-called complex-  different mechanisms to explain the ortholithiation rates il-
induced proximity effect (CIPEJ?The high ortho selectivity lustrated in Chart 1? It seems unlikely.
for anisole and the nearly 1000-fold greater reactivity of anisole  (6) Are relative rate constants diagnostic of mechanistic
when compared with benzene are consistent with a discrete Li homology (or lack thereof§? 31 We have previously challenged
OMe interaction central to most contemporary mechanistic the validity of relative rate constantk.d) as mechanistic
discussions. Beak and Smith provided kinetic evidence that probes?®3° Two recent rate studies provide striking cases in
ortholithiations of aryl carboxamides occur by such a delivery point: (1) LDA-mediated ester enolizations in four different
mechanisni® On the other hand, Schleyer has adamantly solvents proceed at nearly indistinguishable relative rates by
reiterated that it is not precomplexation that is important but four distinctly different mechanisn¥s;(2) LiIHMDS-mediated
the existence of a stabilizing metedubstituent interaction at  ketone enolizations in a range of monodentate solvents span a
the rate-limiting transition structuret? 3000-fold range of rates while proceeding via effectively the

same mechanisi?.We maintain that fundamental mechanistic

@™ differences are best documented at the level of the rate equation.
L" " As part of our effort to understand how TMEDA influences

organolithium structures and reactivit®é$3we have determined
' rate laws for then-BuLi/TMEDA-mediated ortholithiations of

the arenes shown in Chart 1. We will provide evidence that all

proceed by a common mechanism entailirBuLi dimers. The

rate studies support models based upon inductive effééts

(3) Does the cooperative influence of meta-disposed methoxy PUt do not necessarily support models relying on the complex-

groups of resorcinol dimethylethe8)(demand a third mecha- induced proximity effectsinvolving discrete lithium-substitu-

nism involving ligation bybothmethoxy moieties concurrently ~ €Nt interactions. We explored a triple ion-based mechanism
as shown ir78.23.24|f the ortho selectivity arises exclusively (Scheme 1) by ab initio computational studies. We hasten to

from a formal delivery-based mechanism via a single @QMe

o

6

. . s - ) Scheme 1
interaction, lithiation o3 should afford a statistical 1:1 mixtife
of aryllithiums 8 and 9. MezNﬂNMEZ ver |
- N [
Li B \" Bu —— n-Bu—Li—n»BuJ E )_i‘;‘:j
MeO. OMe MGOJQ/OMe MezN\_}NMez N Me, Me2
Li 2 | Ar-H
8 9 . +
. . . . - N, ? Me, n-Bu-H X
(4) Do the difunctional substituents in substratesd5 alter [ A,_L-,_,,,BU] [ \Li‘“N:l Pliaisl e
. . . VA - +Li
the rates and mechanisms through polydentate coordination to Nes Me, “Lp-n-Bu H(TMEDA)2
(21) For an excellent review of solvent-dependent orthoselectivities, n-Bu (ie“514)
see: Green, J. R. IBirected Ortho MetalatiorrA Practical Approach o
Snieckus, V., Ed.; Oxford University Press: in press. . . .
(22) Shimano, M.; Meyers, A. J. Am. Chem. S0d.994 116, 10815. add that the results described below do not conflict with Beak
(23) (a) Winkle, M. R.; Ronald, R. CJ. Org. Chem1982 47, 2101. and Smith’s conclusion that carboxamides direct ortholithiation
(b) Townsend, C. A.; Bloom, L. MTetrahedron Lett1981, 22, 3923. (c)
Ellison, R. A,; Grriffin, R.; Kotsonis, F. NJ. Organomet. Cheni972 36, (26) Ellison, R. A.; Kotsonis, F. NJ. Org. Chem1973 38, 4192.
209. (27) den Besten, R.; Lakin, M. T.; Veldman, N.; Spek, A. L.; Brandsma,
(24) Christensen, HSynth. Commuril975 5, 65. L. J. Organomet. Chenl996 514, 191. Wada, A.; Kanamoto, S.; Nagai,

(25) The 1:1 statistical ratio is based upon the assumption that precom- S. Chem. Pharm. Bull1985 33, 1016.
plexation to either methoxy group affords an equal probability of lithiating (28) The poor correlation of rates of organolithium reactions with the
at the external or internal positions. In the absence of precomplexation, coordinating power of the donor solvent as well as arguments for why such
one would predict a 2:1 probability of external versus internal lithiation. a correlation should not necessarily exist have been noted previ§dsly.
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Table 1. Summary of Rate Data for theBuLi/TMEDA-mediated
Lithiation of Arenesl—5

Ar—H temp CC)  n-BuLi order ku/Ko kel (0 °C)°

1 0 0.96+ 0.07 23+ 4 0.0012

2 0 0.97+ 0.06 20+ 3 1.0

3 —-35 0.93+ 0.07 30+ 4 60

4 —-35 1.074+ 0.04 34+ 5 14

5 0 0.90+ 0.03 a 1.3
aNot measured? Chart 1.

via a discrete metalligand interactio® and should not be
extrapolated to other substratbase combinations.

Results

General.n-BuLi was prepared and recrystallized as described
previously3334 TMEDA was purified via recrystallization of
the corresponding hydrochloride saland sequentially dried
over sodium-benzophenone and-\eb alloy prior to distilla-
tion. n-BuLi/TMEDA in hydrocarbons has been shown to be
dimer 12,3 [n-BuLli] refers to the concentration of monomer

MegN,( 'NMez
1!
n—B(L>n-Bu
|
R Y
MezN NMez

12

subunit (normality). [TMEDA] refers to the molarity of the
excess (uncoordinated) TMEDA.
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Figure 1. Representative plot ofif CeH4(OCHg),J/[decane] versus time
for the lithiation ofm-CsH4(OCHg), (3; 0.01 M) byn-BuLi (0.7 M) in
TMEDA (1.2 M) and pentane cosolvent aB5 °C. The curve depicts
the result of an unweighted least-squares fit to the followfipxy =
ae ™ affordinga = 0.80+ 0.01,b = (1.94+ 0.04) x 1073,

unusually large (Table 2f38yet they are consistent with rate-
limiting steps involving C-H(D) bond cleavages. An apparent
conflict between the large KIE for anisole measured by us and
the small value measured by Stratakiemains unresolved.
While it may be tempting to invoke “tunneling” effectthis
would be out of convenience rather than insight or conviction.
The mechanistic interpretation of these large KIEs is not obvious
at this time.

The rate data and isotope effects are summarized in Table 1. Arene Concentration DependenciesThe time-dependent

For the lithiations of2—5, pseudo-first-order conditions were
established at normalBuLi concentrations (0:£1.0 M) and
TMEDA concentrations (0-54.5 M) by restricting the arene
concentrations to 0.01 M. The lithiation rates were monitored
by periodically quenching samples with HCl-free }3&CI/EtN
mixtures and following the loss of ArH and formation of

ArSiMe; by gas chromatography using decane as an internal

standard.
The slow lithiations of benzene were carried out under non-
pseudo-first-order conditions in which all species were main-

tained at high, yet adjustable, concentrations. The lithiation was

loss of all mono- and disubstituted arer#s5 fits clean first-
order behaviors, affording rate constants that are independent
of the initial arene concentrations. Figure 1 illustrates repre-
sentative raw data.

The benzene lithiations were monitored using the initial rates
over a considerable range of benzene concentrations 8100
M). The results were quite confusing at first. Plots of the initial
rates versus [benzene], in which the pentane cosolvent is
incrementally replaced by benzene, afforded a second-order
dependence (Figure 2) rather than the anticipated first-order

monitored by following the appearance of PhSiMat low gepengence. Wetﬁuspegtetd tthatk';he superpos(;tlondofaﬂ:jst-order
conversion with careful calibration relative to an internal decane déPendence on the substrate (benzene) and a dependence on

standard. Reaction orders were determined by plotting the initial the percentage of the aromatic hydrocarbon solvent (also

rates (A\[CgHsTMS]/At) versus the concentrations ofBuli,
TMEDA, and benzene.

Isotope Effects.Isotope effects were determined by compar-
ing the lithiations of arene&—4 with the lithiations of their
analogues bearing perdeuterated aryl fragm@&ntae KIEs are

(29) Collum, D. B.Acc. Chem. Resl1992 25, 448. For additional
discussions of the role of TMEDA in organolithium chemistry, see:
Polyamine-Chelated Alkali Metal Compoundsanger, A. W., Jr., Ed.;
American Chemical Society: Washington, DC, 1974.

(30) Bernstein, M. P.; Collum, D. Bl. Am. Chem. S0¢993 115, 8008.

(31) Sun, X.; Collum, D. BJ. Am. Chem. So200Q 122, 2452.

(32) Zhao, P.; Collum, D. B. Unpublished work.

(33) Hoffmann, D.; Collum, D. BJ. Am. Chem. S0d.998 120, 5810.

(34) Kottke, T.; Stalke, DAngew. Chem., Int. Ed. Endl993 32, 580.

(35) Freund, M.; Michaels, HBer. Dtsch. Chem. Ge4897, 30, 1374.

(36) For an extensive bibliography on structural studiesnduLi/
TMEDA, see ref 29.

(37) 2,4,6-Trideuterio-resorcinol dimethyleth&-ds) was prepared by
heating3 at 70°C for 3 days in CHOD with catalytic TSOH. Hydrogen
deuterium exchange was shown ¥y NMR spectroscopy to be complete
in ~3 days. 2,3,4,5,6-Pentadeutedia@ls was prepared by treating phenol-
ds with NaH in ether followed by alkylation with chloromethyl methylether.

benzene) could afford such a second-order overall dependence.
To eliminate contributions from “medium effects”, we exploited
the large isotope effect by using benzelérather than pentane)
as the cosolvent and obtained a more conventional first-order
benzene dependence (Figure 3). Although the curve in Figure
3 includes corrections for the limited lithiation of the benzene-
ds, the first-order benzene dependence was clear, even in the
absence of such a minor correction. Odd aromatic hydrocarbon
effects in organolithium chemistty*! may be related to the
cation—arene interactions discussed extensively by Doughérty.
n-BuLi Concentration DependenciesLithiations of arenes
1-5 by n-BuLi/TMEDA show first-order dependencies on
[n-BuLi] (Table 1); the results fror3 are representative (Figure

(38) Meyers, A. I.; Mihelich, E. DJ. Org. Chem1975 40, 3158.

(39) Bell, R. P.The Tunnel Effect in Chemistrighapman and Hall: New
York, 1980.

(40) Lucht, B. L.; Collum, D. BJ. Am. Chem. Sod.996 118 2217.

(41) Wu, S;; Lee, S.; Beak, B. Am. Chem. Sod.996 118 715.

(42) Ma, J. C.; Dougherty, D. AChem. Re. 1997, 97, 1303.
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Figure 2. Plot of A[CsHs—TMS]/At versus [GHg] for lithiation by Figure 4. Plot of kopsq Versus fi-BulLi] for the lithiation of m-CgHa-
n-BuLi (0.3 M) in TMEDA (1.3 M) and pentane cosolvent at°C. (OCHg), (0.01 M) in TMEDA (0.5 M excess relative to base) and
The curve depicts the result of an unweighted least-squaresffit)to pentane cosolvent at35 °C. The curve depicts the result of an
= ax, affordinga = (0.24+ 0.1) x 107, b= 1.9+ 0.1. unweighted least-squares fitfix) = ax°, affordinga = (2.744 0.08)
x 1073, b = 0.93+ 0.07.
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Figure 3. Plot of A[CeHs—TMS]/At versus [GHe] for lithiation by [TMEDA] (M)
n-BuLi (0.3 M) in TMEDA (1.3 M) in GsDs and pentane cosolvent at ~ Figure 5. Plot of kopsa versus free [TMEDA] for the lithiation of
0 °C. Total [GHs + CsD] is fixed at 7.8 M. The curve depicts the ~ mM-CsHs(OCHg)2 (3; 0.01 M) byn-BuLi (0.5 M) in pentane cosolvent

result of an unweighted least-squares fitftg) = ax°, affordinga = at—35°C. The curve depicts the result of an unweighted least-squares
(1.9+£0.3) x 1075 b= 0.984 0.03. fit to f(x) = ax + b, affordinga = (8.0+ 1.0) x 1075 b= (1.344+
0.04) x 1073,

4). Sincen-BuLi-TMEDA exists as dimed2, all metalations
are suggested to proceed via dimer-based transition struétures. 2and 3

TMEDA Concentration Dependencies.All lithiations are 1 1 0
essentially independent of the TMEDA concentrations. Plots —d[Ar—H]/dt = K[ArH] "[BuLi] {TMEDA] 2)
of Kopsg Versus [TMEDA] show limited positive or negative .
[TMEDA] dependencies, as illustrated in Figure 5. However, Ar—H + (n-BuLi),(TMEDA), —
these deviations fall well within generalized medium effects [(n-BuLi)(TMEDA) ,(Ar—H)]* (3)
noted previously? The effective zeroth-order dependencies are

consistent with mechanisms requiring no net change in the per- - ap |nitio Calculations. The rate studies implicating transition
lithium solvation number upon proceeding from dinit to structures with stoichiometry fi¢BuLi)2(TMEDA)»(Ar—H)]*
the rate-limiting transition structures. suggest a commonality of mechanism despite the diversity of
Idealized Rate Laws.The rate studies afford a remarkably substituents. We will invoke lithiations via TMEDA-solvated
substrate-independent mechanistic picture, as represented by thgiple ion 13, illustrated generically in eqs 4 and 5 (and
idealized rate law and generalized mechanism described by eqslaborated in Scheme 1 in the Discussion section). We
(43) Lithiation of PROCHCH,0C s afforded seemingly contradictor investigated the reaction coordinate computationally to under-
results in which the relative rafe constant was indistin%zishable fromythat St.and. the substituent-dependent rates and the efflca}cy of the
of amino ether5 yet afforded a fractional (0.5% 0.06) n-BuLi order. triple ion-based model. Unfortunately, MNDO calculations are

Unfortunately, the reaction was atypically messy, as noted previdusly. inadequate for severely congested systé’i‘rMoreover, pre-
We tentatively dismiss the rate studies as spurious.

(44) For a well-documented example, see: Galiano-Roth, A. S.; Collum,  (45) Romesberg, F. E.; Collum, D. B. Am. Chem. Sod 992 114,
D. B. J. Am. Chem. Sod.989 111, 6772. 2112 and references therein.
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liminary calculated transition structures for the lithiation step Chart 2
(eq 5 or 6) suggested that a more sophisticated treatment of
electron correlation would be requirédl.

(n-BuLi) (TMEDA), = (n-Bu),Li //*Li(TMEDA), (4)

(12 (13
I, Ar—H

(n-Bu),Li //"Li(TMEDA) , = 25 M benzene 24 ML sy aniscle

(13) AH$=12.5 kcal/mol AH$=8.2 kcal /mol

[(n-Bu),Li -Ar—H) " //TLi(TMEDA) 2]3F (5)
(14
(Me),Li ~ 22 [(Me),Li-~Ar—H]* (6)
19 (16)
Ab initio calculations were performed with the Gaussian .98 25 [MesLi-anti-anisole J¢ 26 [MesLi-symanti-sn-CoHaOMe)y It

package at the B3LYP level of density functional theory using AH#=8.3 keal /mol AH#=49 keal /mol

the 6-31G* basis séf. MeLi was employed as a model for
n-BuLi according to eq 6. Since the pairing energies in triple
ion 13 and transition structurd4 should largely cancef
omitting the"Li(TMEDA) , in eq 6 would have minimal impact
on the relative activation enthalpies. Fully optimized structures
were obtained for the linear triple ion fragmelf, substrates
1-3, and transition structure23—28 (Chart 2). Although the 27 [MesLisyrnsyrm-CeHyOMe)al- 28 [MeaLivantianti-m-CHa(OMe)al-
ortholithiations of arene$7—22 were not investigated kineti- AH#=8.4 keal /mol AHt=8.4 keal /mol

: _F F< : _F Fo : OMe
17 18 19
1
NMe; Q 29 [Me;Li-fluorobenzene-}t 30 [Me;Li-m-difluorobenzene-]t
©/ > AHt=5.8 keal /mol AHt = 0.7 keal/mol
(o}
20 21 B 200 g
o

22

cally, we calculated transition structur28—36 to explore the
nuances of the triple-ion-based model. The relative activation
enthalpies AH*) calculated from the ab initio energieBe(eq

at 298.15 K and 1.0 atm are shown under the structures. Total

enthalpies with zero-point energy correctithare listed in the 31 {MeZA]i—iIfyT?];ﬂulo/roarl\imleqi 32 [MezAli_iI-fntéz‘-om];ﬂlijroa?isole»]i
. . age =1.2 Kcal/mo. =6.U kcal/ mol

Supporting Information. The transition structures were initially (Li coordinated to F)

(46) Activation enthalpies calculated according to eq 6 using MNDO
suggested that anisole should be less reactive than benzene by 1.4 kcal/
mol. The results for fluorinated anisoles followed more rational trends.
Interestingly, another “troubling” result (subsequently supported by the ab
initio studies) was that the reaction of anisole did not favor a discrete Li
OMe interaction at all, optimizing to a structure similar to thatdf

(47) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.

; ; . . prantim- isole ]t 4 [MesLi-N,N-dimethylaniline
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, >Meimtm fuoranisole] 34 [Meg LN dimerhylaniline
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; (Li coordinated to OMe)

Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-
Laham, M. A.; Peng, C. Y.; Gill, A.; Nanayakkara, C.; Gonzalez, M.;
Challacombe, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J.
L.; Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, Hd@ussian
98; Gaussian, Inc.: Pittsburgh, PA, 1998.

(48) Romesberg, F. E.; Collum, D. B. Am. Chem. Sod 994 116,
9187. Reich, H. J.; Sikorski, W. H.; Gudmundsson, B; Dykstra, R. R.
J. Am. Chem. S0&998 120, 4035. Cioslowski, J.; Piskorz, P.; Schimeczek, 35 [Me;Li‘1,3-benzodioxole-} 36 [Me;Li-2,3-dihydrobenzofuran-Jt
M.: Boche, G.J. Am. Chem. S0d.998 120, 2612. AH%=7.9 kcal/mol AHZ=11.1 kcal/mol

(49) Corrections for differences in zero point vibrational and thermal - .. . . .
energies were calculated taking into account a scale factor of 0.9804. Wong,OPtimized by fixing the critical fractional bonds of thetLi
M. W. Chem. Phys. Lettl996 256, 391. four-centered ring using the optimized benzene transition
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structure as a template. Reoptimization without constraints (e.g.,13)*8 as possible reactive intermediates. If one subscribes
afforded fully valid transition structures, as shown by the to the notion that precomplexation is importantthere are a
existence of a single imaginary frequency. Special care was humber of mechanisms involving either+©® or (C=C)—Li
taken to sample a range of initial geometries to locate critical (;r) interactions 43 and44, respectively). Our interpretation of
saddle points (especially for the methoxy substituents). Anisole the rate data is dominated by three key considerations: (1) The
derivatives afforded transition structures and enthalpies for both substrate-independent rate laws strongly implicate a common

synandanti forms, as defined bg7 and38. Similarly, resorcinol mechanism. (2) The&-BuLi cyclic dimer 12 (or open dimer
dimethylether afforded structures definedsgia,anti(39), syn,- 42; see below) has, at best, a highly limited capacity to accept
syn(40), andanti,anti (41). coordination by the arene. (3) Schlosser has shown that ortho
selectivities correlate withKys attributable to inductive effects
Me Me (although such a correlation is extremely compf@xy* Ac-
H i Me HoU cordingly, we posed the tit!e qL_Jestion and t_hen formulated the
N (l) N mechanism based upon triple ions shown in Scheme 1.
ot N et XY Me Triple ions were first described by Fuoss in 1988nd may
L '/ prove to be the most underappreciated reactive intermediates
in organolithium chemistr§® Analogous to other main group
37; syn 38: anti “ate” complexes® triple ions should show high basicities and

nucleophilicities, as suggested by Wittig in 1981yet have
received limited subsequent attentiSrAlthough triple ion13
i is not spectroscopically observable, it seems plausible in light

| | [

o O\Me o] Me/o “Me of spectroscopic studies of the HMPA-solvated PhLi triple ion
as well as crystallograpHi€and computational studigsshow-
ing the stability of thetLi(TMEDA) ; cation.

39; syn,anti 40; syn,syn 41; anti,anti Computational Studies: Complexation versus Induction.
We turned to ab initio studies using the (p@ ~ fragment (eq
Discussion 6) to explore the implications of the proposed triple-ion-based

ortholithiations. The spatial relationships within transition
structures23—36 (Chart 2), the relative activation enthalpies
(AH¥; Chart 2), and the experimentally observed lithiation rates
t(Chart 1) paint an intriguing picture. In the following discussion,

Rate Studies.We investigated the ortholithiation of arenes
1-5, obtaining both relative lithiation rates (Chart 1) and rate
laws (see eq 2 and Table 1). The highly substituent-dependen
rates mirror previous studies showing the widely varying gy ang anti orientations of methoxy groups are defined by
capacity of substituents to “direct” ortholithiatidd.These five structures 37—41. The existence of a lithiumsubstituent
substrates have elicited at least as many mechanistic hypothes-

es/10.14.17.19.23.242Can we justify invoking so many mecha- (50) A triple ion analogous tdl3 was invoked as a possible key
nisms for the lithiations ofl—5? intermediate by Shirley; however, it was in the context of a mechanism
Detailed rate studies afforded completely analogous idea"ZEdiOIVIng electrophilic aromatic substitutiofirst proposed by Gilmafhthat

N has gone out of favor. Shirley, D. A.; Hendrix, J. R Organomet. Chem.
rate laws (eq 2; Table 1) for the lithiation of arengsb5, 1965?11, 217. Y 9

implicating rate-limiting transition structures of stoichiometry (51) Kaufmann, E.; Schleyer, P. v. R.; Houk, K. N.; Wu, Y.<D.Am.

- i —H)I# i Chem. Soc1985 107, 5560. Nakamura, N.; Nakamura, E.; Koga, N.;
[(nkBl#LI)Z(TMEIﬁA)Z(bAr H)l h(eq 3) for alll flvedcases' A:;he d Morokuma, K.J. Am. Chem. Sod993 115, 11016. For additional leading
risk of stating the obvious, the structural and rate studies do references to organolithium open dimers, see: Remenar, J. F.; Lucht, B.

not provide insight into the steps leading up to or structural L.; Kruglyak, D.; Romesberg, F. E.; Gilchrist, J. H.; Collum, D.BOrg.
details of the rate-limiting transition structuresnly the sto- Chem.1997 62, 5748.

i ; P ) (52) As noted by Schlossé#14comparison of ortholithiation rates with
ichiometries of the transition structurelowever, such sto experimentally measured “acidities” will depend upon whether the acidities

ichiometries serve the critically important role of focusing stem from (1) solution-phase equilibria or heats of reactfamhich reflect
computational studies and mechanistic discussions. This pointthe stabilities of widely varying and complex aggregate structures of little

is underscored by the fact that no discussions ofrtBuLi/ relationship to transition structur€%(2) solution-phase kinetic acidities
(relative rate constants) for other reactions, which will depend strongly on

TMEDA-mediated arene Iithi.ati(.)ns have addressed tihe [( the choice of solvent, base, and mechanism, (3) gas-phase kinetic aéfdities,
BuLi)(TMEDA),(Ar—H)]* stoichiometrys® which should reflect at least some dependence on the reference base, or
Mechanism: Triple lon Intermediates. Implication of a (4) experimental gas-phase thermodynamic acidities, which should show

. . . - . : C no dependence on the reference base.
dimer-based mechanism is especially interesting in light of (53) Harder, S.: Boersma, J.: Brandsma, L. Kanters, J. ®rganomet.

recent discussions of open dimers (e4R)>! and triple ions ~ Chem.1988 339 7. Harder, S.; Boersma, J.; Brandsma, L.; van Heteren,
A.; Kanters, J. A.; Bauer, W.; Schleyer, P. v. R.Am. Chem. S0d.988
110 7802. Dietrich, H.; Mahdi, W.; Storck, W. Organomet. Cheni988
Me. NMe. M * 349, 1.
2 s ®2 Me, (54) Klumpp, G. W.Recl. Tra. Chim. Pays-Bad4986 105 1.
nBu— Li~p8y N (55) Fuoss, R. M.; Kraus, C. Al. Am. Chem. So0d.933 55, 2387.
0 (56) Weiss, EAngew. Chem., Int. Ed. Endl993 32, 1501.
Vel > NMe, ;\“Ae Me, (57) Wittig, G.; Meyer, F. J.; Lange, Qustus Liebigs Ann. Cherh951,
2N 2 571, 167. Wittig, G.Angew. Chem1958 70, 65.
(58) The *Li(TMEDA) ; is quite stable, as evidenced by a number of
a2 13 examples in the crystallographic literature. Of particular interest are triple
ions of general structure pXi] ~//*Li(TMEDA) .. Hosmane, N. S.; Yang,
’\Iﬂe J.; Zhang, H.; Maguire, J. Al. Am. Chem. S0d.996 118 5150. Eaborn,
o C.; Lu, Z.-R.; Hitchcock, P. B.; Smith, J. BDrganometallics1996 15,

l\llle
O\Li 1651.
A ~L (59) MNDO calculations of the equilibrium of 4THF +(Li(TMEDA) 5)
= 2TMEDA + *(Li(THF)4) are endothermic by 12.9 kcal/mol. However,
given the high sensitivity of MNDO to steric effects, we were surprised to
43 44 find a minimum for*(Li(TMEDA) 2).

[ n-Bu—L—n-Bu ]
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interaction, whether highly stabilizing or not, is inferred from
the orientation of the gHLi plane involved in the proton transfer
relative to the plane defined by the arene ring. For example,
transition structur@4 for the lithiation of anisole bearingsyn
oriented methoxy group shows theHLi and arene planes to
be orthogonal while the corresponding transition strucie
bearing aranti-oriented methoxy group shows the two planes
to be nearly coplanar with an accompanying close @Me
contact.

Important insight can be gleaned by considering the influence
of substituents on the calculated activation enthalpies as follows:

(1) Synroriented methoxy moieties bearing no capacity to
coordinate to lithium at the transition structure redudg* by
3—5 kcal/mol (cf.23/24, 2526, and29/31). The activation must
stem from induction rather than £lOMe complexation. A
notable exception is transition structl2&, bearing twosyn
oriented methoxy moieties. Whereas anisole-derived transition
structure24, bearing asynoriented methoxy group, shows a
distinct canting of the @HLi plane in response to steric
interactions, the two potentially stabilizisgrroriented methoxy
moieties of27 cause buttressing with a consequent destabiliza-
tion (cf. 23/24/27).

(2) Anti-oriented methoxy moieties showing evidence of
discrete Li-OMe interactions at the transition structures also
reduceAH* by 3—5 kcal/mol (cf.23/25 and24/26). While 3—5
kcal/mol constitutes considerable activation of the ortholithia-
tion, such complex-induced proximity effects are indistinguish-
able from the purely inductive effects noted in point 1.

(3) Anti-oriented methoxy moieties that do not form discrete
Li—OMe interactions at the transition structures have almost
no effect whatsaer on AH* (cf. 25/28 and29/32). We believe
that significant activation offered by induction is largely offset
by considerable electrorepulsionof the lone pairs with the
electron rich GHLi portion.8°

(4) Fluorinated arenes displaying discrete-Ei interactions
in the transition structures show a8 kcal/mol decrease in
AH* (cf. 23/29 and24/31), consistent with the high reactivities
observed experimentalf#:5162However, a fluoro substituent
showing no such L#+F interaction reduceAH* by 5—6 kcal/
mol (cf. 25/33). Therefore, the L+F interactions, while visually
conspicuous, may not be significantly stabilizing when compared
with the substantial inductive effects. For example, when given
a choice of an L+F interaction or an L++OMe (anti-OMe)
interaction (cf.32/33), the Li—OMe interaction is strongly
preferred. Interestingly, transition structusé, containing an
Li—F interaction and a noncoordinatisgrroriented methoxy
moiety, is the most stable.

(60) The absolute energies for the starting materials and transition
structures corrected for zero point vibrational energy differences are reported
in the Supporting Information. The activation enthalpies are all calculated
relative to the lowest energy conformer. The three conformer3 afd
two conformers ofmetafluoroanisole 19) are of nearly equal stability.
Thus, thesyn,antiform of 3 is 0.6 kcal/mol more stable than tlati,anti
form and 0.5 kcal/mol more stable than tegn,synform. Similarly, the
syn form of 19 is 0.1 kcal/mol more stable than ttemti form. These
differences are exceedingly small when compared with the relative enthalpies
of the synandanti orientations in the transition structures.

(61) The lithiations of fluorinated arenes follow the order PhOR)e<
PhF @7) < metaCgHa(F)OMe (19) < metaCgHaF, (18). Arene 18 was
too fast to measure at78 °C. Arenel9 lithiated in minutes at-78 °C,
while PhF lithiated at least 20 times more slowly.

(62) Through-space LiF interactions have been detected. For example,
see: Stalke, D.; Klingebiel, U.; Sheldrick, G. Nthem. Ber.1988 121,
1457. Armstrong, D. R.; Khandelwal, A. H.; Kerr, L. C.; Peasey, S.; Raithby,
P. R.; Shields, G. P.; Snaith, R.; Wright, D.Ghem. Commuri998 1011.
Plenio, H.; Diodone, RJ. Am. Chem. S0d.996 118 356. Henderson, K.
W.; Dorigo, A. E.; Liu, Q.-Y.; Williard, P. GJ. Am. Chem. Sod.997,

119 11855.

Chadwick et al.

(5) Extremely slow lithiations oN,N-dimethylaniline 20)%3
are expected from the limited inductive effects. Transition
structure34 shows no Li-NMe; interaction and a considerable
relative activation enthalpy. Similarly, 1,3-benzodioxod)(
and 2,3-dihydrobenzofura?) appear to be ideally suited for
ortholithiations by a mechanism relying upon a CIPE, yet are
found to react sluggishl$# The calculated activation enthalpies
associated with transition structur@s and 36 are not excep-
tional when compared with those of the anisole-derived
counterparts; however, there is no evidence ofQiinterac-
tions. To the extent th&21l and22 are structural analogues of
anti-oriented anisoles with no stabilizing interaction (see point
3), the experimentally observed low reactivities are logical in
retrospect.

The considerable stabilizations imparted by noncoordinating
ortho substituents (point 1) and the highly additive influence
of meta-disposed substituents lacking the capacity to coordinate
concurrently argue that inductive effects are critical, while direct
lithium—substituent interactions are of relatively minor impor-
tance. If, for the sake of discussion, one accepts a model in
which lithium—substituent interactions are important (which we
do not), the computational results underscore the concern
expressed by Schleyer and co-workers that the importance of
precomplexation may be overestimated: we were unable to
computationally detect stable precomplexes of general structure
[(CH3),Li-ArX] ~ (X = OMe or F). Thus, the triple-ion-based
model suggests that £tilOMe and Li—F interactions are found
only at the transition structures.

Ab initio calculations probed the triple-ion-based model with
considerable success. Nevertheless, other models might mirror
the relative activation enthalpies, while revealing a substantially
greater contribution from lithiumsubstituent interactions. For
example, lithiation of anisole by MeLi monomer is highly
favorable via theanti transition structure4?7, displaying a
discrete Li-OMe interaction when compared with the corre-
sponding benzene-derived transition strucdéer synoriented
transition structurel8. However, to ascribe significance to a

46 [MeLi‘benzenelt
AH#=15.3 kecal/mol

47 [MeLi-anti-anisole}t
AH#$=2.9 kcal/mol

48 [MeLi-syn-anisole]t
AH#=12.5 kcal/mol
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strong interaction with naked MeLi monomer would be foolish. Experimental Section

Such gross simplifications will often produce highly spurious

results. Can the same criticism be levied against the calculations General Reagents and SolventsAnisole was vacuum transferred
employing (MeLi)~? Curiously, the answer may be no. from a purple solution containing sodium benzophenone ketyl. Anisole-
Considerable evidence suggests that the internal lithiums of d, (Aldrich) was used without purification. Resorcinol dimethylether

related [R-Li—R]~ fragments remain unsolvatéu!3Moreover, (3) was stored over molecular sieves and used without further
the pairing energies ol3 and 45 are likely to be nearly purification. Substrate8-ds,3” 4,2 4-d5,3” and 527 were prepared by
equivalent}® justifying the omission of the*Li(TMEDA): literature procedures:-BuLi was multiply recrystallized from pentane,
counterion to calculate relative activation enthalpies. as described previousl:3334Pentane, benzene, and benzdgerere
distilled from blue solutions containing sodium benzophenone ketyl
Summary and Conclusion with approximately 1% tetraglyme to dissolve the ketyl. Chloro-

trimethylsilane (TMSCI) was freshly distilled from calcium hydride
The rate studies of the-BuLi/TMEDA-mediated lithations under nitrogen. Triethylamine (Ngtwas vacuum transferred from a
of five arenes (Chart 1) reveal a high mechanistic homology, blue solution of sodium benzophenone ketyl. TMEDA was purchased
suggesting that the lithiations do not necessarily rely signifi- from Aldrich and purified by recrystallization of its hydrochloride salt
cantly on the complex-induced proximity effect. To account for as described previously.
the Subgtltuent-dependent rate§ and substituent-independent Kinetics. The rate studies were carried out as described previBusly
mechanisms, we proposed a triple-ion-based model (SChemeand are described in detail in the Supporting Information. Methods for

1) that depends largely upon inductive effects espoused bydetermining the relative rate constants and isotope effects are also
Schlosser and co-worke¥s!* While the proposed model is  j,ciuded in the Supporting Information.

speculative and certainly not the only dimer-based model, ab

initio calculations afforded surprisingly strong theewgxperi-

ment correlations. The calculations suggest that orienting the Acknowledgment. We acknowledge the National Science
oxygen lone pairs of the alkoxy moiety toward the lithium is Foundation Instrumentation Program (CHE 7904825 and PCM
marginally stabilizing at best and may be destabilizing. Discrete 8018643), the National Institutes of Health (RR02002), and IBM
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conclude with the disclaimer that extrapolating the results to

other classes of ortholithiation should be done cautiously,
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